Abstract Downscaling of atmosphere-ocean general circulation models (AOGCMs) is necessary to transfer predictions of potential climate change scenarios to local levels. This is of special interest in dry mountainous areas, which are particularly vulnerable to climate change due to risks of reduced freshwater availability. These areas play a key role in hydrology, since they usually receive the highest local precipitation amounts, which are then stored in the form of snow and glaciers. The performance and ability to simulate extreme events of a statistical downscaling model (SDSM) were tested in the arid Upper-Elqui watershed, Chile. Thereafter, future temperature and precipitation seasonal trends along with agro-hydrological indices were analysed for the HadCM3 A2a and B2a scenarios. Maximum and minimum temperatures for both linear trends and extreme events were simulated accurately. However, the results show that SDSM was not a very robust method for the simulation of precipitation. Nevertheless, future trends and indices indicate possible strong inter-seasonal perturbations.
INTRODUCTION
Nival regime-driven basins in arid areas are expected to be among the ecosystems most affected by climate change (Mata & Campos, 2001; Kundzewicz et al., 2008) . Rainfall alterations from El Niño and Southern Oscillation (ENSO) events, the low cover of vegetation, poor mineral soil and severe droughts are characteristics traits of these areas. Moreover, the desertification and productivity deterioration in arid and semi-arid environments has been recognized as a critical problem worldwide, so that the United Nations Convention to Combat Desertification (UNCCD) was proclaimed (UNCCD, 1994) . This problem is of particular concern for north-central Chile (the so-called "Norte Chico", 26-33ºS), including the Atacama and Coquimbo regions. For the latter, more than one half of its surface was classified as "grave" by the UNCCD in terms of desertification. Consequently, immediate action and mitigation is needed in the watersheds of this region (UNCCD-Chile, 2006) . Although historical and spatially extensive precipitation data in the headwaters of the basins in this region are not readily available, records at coastal stations show worrisome trends. For instance, the average precipitation in La Serena, the most important city located in the Coquimbo Region, has decreased dramatically in the last 100 years. The 30-year monthly average has decreased from 170 mm in the early 20th century to values less than 80 mm nowadays (Novoa & López, 2001 ). This effect, likely due to climate change, is expected to be strengthened at the local level, and the actual rate of climate variability is projected to be greater than those recorded in the past (IPCC, 2007) . A shift in temperature, especially at higher altitudes where glaciers account for important water reserves, might have adverse impacts on the hydrology of the arid watersheds of the region. Moreover, the ENSO phenomenon, which affects the regional climate, is expected to be influenced by global warming and global change (McPhaden et al., 2006) .
Although the number of impact assessment studies has increased, little can be said yet about the implication of climate change for freshwater availability in developing countries (Kundzewicz et al., 2008) . Downing et al. (1994) provided an early contribution to a better understanding of changes in temperature and precipitation patterns and their consequences on the agriculture in the Norte Chico, predicting an increase in aridity, as well as an upward shift of the frost-free area in the Cordillera. Concerning possible rainfall patterns, they concluded that there could be an estimated 50-100-km southward displacement of the precipitation isohyets. Nevertheless, modelling performance and scientific knowledge about climate change have experienced tremendous increases since then. Paradoxically, as Fowler & Wilby (2007) remark, although the last decade has seen a plethora of publications on downscaling of climate models, most of them concentrated on technique comparison studies rather than impact studies. Even fewer researchers examined hydrological impacts and considered applied elements in their outcomes. Developing countries were especially neglected in downscaling studies, although this is where climate risk related information is most urgently needed (Fowler & Wilby, 2007) . In Chile, only one major study presenting the future climate variability in the country was recently published on behalf of the Comisión Nacional del Medio Ambiente (CONAMA, 2006) . Whereas the latter addresses important global insights into future climate variability in the country, to the best of our knowledge, a more detailed study about future climate variability on a more local scale, such as the one presented here, has not been carried out yet.
Thus, this paper is a first attempt to address the question of possible impacts of climate change on temperature and rainfall, and their possible outcomes for north-central Chile. In addition, the ability of the statistical downscaling approach in general, and the statistical downscaling model (SDSM) in particular, has been only rarely tested in arid mountainous areas (e.g. Wilby, 2005) , and has never been tested in Chile. The ability of this technique to accurately simulate temperature and precipitation in an arid mountainous region is discussed. Furthermore, to facilitate interpretation of the results by regional stakeholders and water managers, the main uncertainties linked with simulations are addressed. Special emphasis is given to applied aspects of future climate analysis with the analysis of sound agro-meteorological indices, useful in adaptation planning. The investigated periods (2000-2019, 2020-2039 and 2040-2059) were selected with regard to the interests of stakeholders and water managers, who favour short-term impacts.
STUDY AREA: THE UPPER-ELQUI SUB-BASIN
The Upper-Elqui sub-basin is located between 29°21′-30°29′S and 70°37′-69°48′W in the Coquimbo Region of Chile, within the so-called Norte Chico. It covers a surface of 5650 km 2 , ranging from 760 to 6100 m a.s.l. (Fig. 1) and includes the Claro and Turbio rivers, main tributaries to the Elqui basin (9600 km 2 ) that ranges from the Cordillera to the Pacific Ocean. The Elqui basin, and particularly the Upper-Elqui watershed, have climatic, physiographic and ecological features (Cepeda & López-Cortés, 2004 ) which represent natural and human systems with high vulnerability to climate variations (Downing et al., 1994; UNCCD-Chile, 2006) .
With a considerable mean elevation (3408 m a.s.l.) and slope (24.1°), the Upper-Elqui watershed is typical of the region, where snow plays a major role in the basin's hydrology. The southern side of the Elqui River is drained by the Claro River and its eastern side by the Turbio River, with an average flow of 9.85 m 3 s −1 at the Algarrobal gauging station for the 1949-2000 period. This outlet of the UpperElqui sub-basin contributes significantly to the downstream water demand. Aside from some tourism, the major activity in the Upper-Elqui watershed is agriculture. Crop production covers around 6200 ha. Major crops include table grapes, grapes for pisco production (a local brandy-like drink), citrus fruits, avocados and papayas. River water for irrigation is managed by the Junta de Vigilancia del Río Elqui and the Junta de Vigilancia del Estero Derecho (local surveillance boards formed by surface water rights owners). Almost 24% of total water rights granted by the Chilean Water Authority (DGA, Dirección General de Aguas) in the whole Elqui basin are exercised in the Upper-Elqui sub-basin. However, annual water volume per water right can be highly variable from one year to another, depending on the hydrological conditions and the forecast of water availability, and is greatly influenced by precipitation and snow accumulation.
During El Niño years, there is a significant increase in precipitation, which could attain two to three times that of a "normal year". Thus, due to the influence of the ENSO phenomenon, precipitation amounts may have very large variations. These variations significantly influence the region's agriculture, which is highly dependent upon water availability for irrigation, especially in the less regulated upper areas. Finally, in addition to climate, local characteristics (valley orientation, hillslope exposure, abrupt elevation changes) result in important, small-scale variability in precipitation and snow accumulation spatial patterns (Favier et al., 2009) .
METHODOLOGY AND DATA

Data description
For the sake of data management and analysis, intercomparison was carried out among all meteorological stations-eight for precipitation, four for temperature (Tmax, Tmin)-that were available in the Upper-Elqui sub-basin. The selection of the stations chosen for the downscaling procedure was based on the following: spatial proximity of the stations; topographical analysis (using an isohyets map); and the high correlation coefficients found among the stations (between 0.81 and 0.99 for precipitation, and between 0.89 and 0.97 for temperature for neighbouring stations). Thus, the selected stations for this work were Rivadavia and La Laguna for temperature, and Huanta, Juntas del Toro and La Laguna for precipitation. Few meteorological stations have 100% complete and/or fully accurate data sets.
Therefore, prior to further calculations, all data were checked for quality. Handling of missing data was performed through simple regression between existing neighbouring stations at a comparable altitude level. All stations considered are located in the Upper-Elqui sub-basin and are listed in Table 1 .
Future local climate scenario generation
For the present study, future local climate scenarios were developed for maximum and minimum temperature and precipitation in the research area. The Statistical Downscaling Model (SDSM) Version 4.1 developed by Wilby et al. (2002) was used. This model is based on a multiple linear regression method and is best described as a hybrid of the stochastic weather generator and transfer function methods. One common advantage of statistical downscaling is its easy implementation and generation of downscaled values. The latter advantage ensures the maintenance of local spatial and temporal variability in generating realistic data time series (Wilby & Dawson, 2007) . Khan et al. (2006) compared three statistical downscaling methods in terms of uncertainty assessment in their downscaled results for temperature and precipitation. The authors showed that SDSM was the most capable method for reproducing characteristics of observed data. However, very few applications of SDSM are published in arid regions (e.g. Wilby, 2005; Wetterhall et al., 2006) , and statistical performances of SDSM for precipitation simulation could vary significantly with seasons (Wetterhall et al., 2007) .
In statistical downscaling, a cross-scale statistical relationship is developed between local-scale predictands (i.e. observed daily precipitation, maximum and minimum temperature time series) and large-scale predictors (e.g. observed measures of vorticity or relative humidity) (von Storch, 1995; Wilby & Wigley, 1997) . It is then assumed that this relationship remains constant under climate change. This allows the generation of future local climate scenarios. In this case, the Canadian Institute for Climate Studies (CCICS) made available the re-gridded predictors derived from the National Center for Environmental Prediction (NCEP) re-analysis data (Kalnay et al., 1996) . The NCEP re-analysis data were re-gridded to the same coordinate system as the selected atmosphere-ocean general circulation model (AOGCM), in this case: 2.5° latitude × 3.75° longitude, and normalized with respect to the climate records. When the best fit between predictands and predictors is validated for observed climate, a climate change signal is introduced by substituting observed large-scale predictors with the corresponding simulated AOGCM predictors.
The choice of AOGCM was driven by the purpose of the study, the available data, and the chosen methodology. In this case, this choice was imposed by the downscaling method. The SDSM only supports the Hadley Centre Couple Model Version 3 (HadCM3) AOGCM (Gordon et al., 2000) for the given research area (Wilby et al., 2004) . The HadCM2 and HadCM3 models have proven to return good results for semi-arid regions with strong seasonal cycles (Krol et al., 2003) . In addition, HadCM3 is one of the most successful AOGCMs in simulating ENSO variability (Busby et al., 2007) . Hence, although only one AOGCM was applied in this study, the HadCM3 AOGCM shows a high compliance with (Nakicenovic et al., 2000) were provided for the HadCM3 AOGCM by the CCICS. Both storylines are considered moderate, but describe two distinct and complementary evolutions at the global level:
The A2a scenario describes a very heterogeneous world and a rapid population growth, whereas the B2a scenario emphasises global solutions and sustainability. After a calibration process for a 15-year period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) for temperature and a 10-year (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) period for precipitation, the predictorpredictand relationships determined calibration parameters for each station. These parameters were then validated over a 5-year period (1996) (1997) (1998) (1999) (2000) for temperature. Because rainy days are very scarce in the region, a longer validation period was necessary for precipitation and a 10-year (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) validation period was chosen. Validated daily time series in precipitation, and maximum and minimum temperature were then allocated to the hydrological model calibrated for the research area.
In addition, a frequency analysis was carried out. Frequency analyses allow fitting a statistical distribution to observed and downscaled data. In this case, a generalised extreme value (GEV) distribution was used. This allows interpretation of the ability of the statistical downscaling model to simulate the extreme events with regard to observed data sets.
Statistical trend analysis
Spearman's Rho rank correlation was used to determine the statistical significance of trends for precipitation, maximum and minimum temperature and the daily temperature range (DTR) on seasonal and annual timescales. Seasons are defined as follows: summer (December-February), autumn (March-May), winter (June-August) and spring (September-November). This statistic is a non-parametric measure of correlation, adapted to data sets with uneven distribution (precipitation) or strong autocorrelation (temperature). It makes no assumptions about the probability distribution of the investigated data and it is less affected by outliers or any form of data discontinuity (Lanzante, 1996) . The statistical significance was determined at the 95% confidence level. The magnitude of the trend was calculated by the slopes of the linear trends using ordinary leastsquare fitting and expressed in °C decade −1 for temperature and mm (%) decade −1 for precipitation.
Index analysis
Five temperature and two precipitation indices were calculated and are listed in Table 2 . Most of the indices relate to extreme temperature or precipitation. A dry day refers to a day with less than 1 mm of precipitation. This relatively low threshold was used as previous studies have found that higher thresholds could be sensitive to biases, such as under-reporting of small rainfall amounts and changes of means of measurements (Haylock et al., 2006) . Peterson et al. (2001) , Haylock et al. (2006) and Vincent et al. (2005) from the Expert Team on Climate Change Detection Indices (ETCCDI) recommend these indices for temperature and rainfall precipitation analyses. Temperature indices describe warm and cold temperature extremes. Some of them are based on a fixed temperature threshold (i.e. SU, FD and ID) and are easy to understand. Rainfall indices are related to extreme 
R5D Maximum consecutive 5-day precipitation
Maximum of the consecutive precipitation amount for a 5-day interval for a given period mm CDDm Dry spell Mean value of number of consecutive days with precipitation rainfall < 1mm d rainfall events. The maximum consecutive 5-day precipitation index can be used as a flood indicator, whereas the mean length of dry spell is a potential drought indicator. Given the arid climate in the Norte Chico, extreme temperature and precipitation indicators are of particular relevance with regard to a potential impact of climate change on ecosystems, agriculture and vegetation (Peterson et al., 2001) .
RESULTS AND DISCUSSION
Assessment of downscaled results
To ensure a proper calibration, predictors from the NCEP re-analysed data were chosen based on their sound statistical significance, i.e. significant partial correlation (r) at the 5% confidence level. This statistical measure helps to identify the amount of explanatory power that is unique to each predictor. For example, partial correlations indicate that mean temperature at 2 m (temp) and surface vorticity (p__z) have the strongest association with minimum temperature at La Laguna once the influence of other predictors having been removed.
Significant partial correlations (at the 95% confidence level) for precipitation, maximum and minimum temperature are displayed in Table 3 . In addition, as recommended by Wilby et al. (2002) , all candidate predictors are physically and conceptually sensitive to the predictand and are consistently correlated with it. Table 3 shows that precipitation is associated with fewer predictors than maximum and minimum temperature. However, those predictors associated with precipitation are physically related with rainfall events. The strong elevation gradient as well as the influence of wind at high altitudes is well represented at La Laguna. Note that if the number of predictors is smaller for precipitation, the coefficient of correlation r is not lower than for temperature (Tmax and Tmin). Predictors for temperature are also physically sound for the region with wind and geopotential height having the higher statistical influence.
After the selection of predictors, the statistical model's parameters derived from the predictorpredictand relationships were tested by a calibrationvalidation process. The statistical model's performance is summarised in Table 4 . The SDSM performed reasonably well for maximum and minimum temperature, whereas its performance for precipitation, although still in an acceptable range, is less satisfactory and should be handled with caution. The model performance was then further explored with a frequency analysis. The results of this frequency analysis document the suitability of the model for the prediction of extreme events. Results for temperature and precipitation are displayed in Fig. 2 (a)-(n) .
Extreme-event prediction ability for maximum temperature is displayed for Rivadavia in Fig. 2 (e) and (f) and La Laguna in Fig. 2(a) and (b) . It appears that the extreme events prediction ability, based on all ensembles, is well reproduced by the GCM model for both scenarios. However, some noticeable differences still exist between stations. For La Laguna, maximum temperature values tend to be underestimated for longer return periods, whereas they are slightly overestimated at Rivadavia.
With regard to extreme minimum temperature, the model ability to simulate extreme events is diplayed in Fig. 2 (c) and (d) for La Laguna and in Fig. 2 (g) and (h) for Rivadavia. At the high-altitude station (La Laguna), the model failed to reproduce extreme minimum temperature; they are clearly underestimated, whereas simulation of extreme minimum temperatures is accurate for both scenarios at the lower-altitude station, Rivadavia.
Hence, extreme maximum temperature is generally better estimated than extremes in minimum temperature. This correlates with the model ability to better simulate mean maximum than mean minimum temperature (Table 4 ). In addition, although the performance statistics for the model fit with observed data indicate a better reproduction of mean maximum and minimum temperature at higher altitudes (Table 4) , SDSM tended to return less accurate estimates at the high altitude station than at the lower altitude station for extreme maximum and minimum temperature.
With regard to precipitation, the model ability to simulate extreme rainfall events is presented in Fig. 2 (i)-(n) for all investigated stations. Except for the case of Juntas del Toro with the A2a scenario, all estimations of extreme precipitation for shorter and longer return periods are underestimated compared to observed data. This corroborates the poor ability of the model to simulate extreme precipitation discussed previously. Moreover, the wider distribution of precipitation for high return periods contrasts with the narrower temperature distributions. Consequently, the prediction of extreme events for precipitation is expected to be less accurate than for temperatures in arid mountainous areas. Thus, lower reliance levels should be set for extreme precipitation values. This behaviour is explained by the inherent characteristics of statistical downscaling procedures. Indeed, as mentioned by Kim et al. (2000) , this type of method performs better "if two conditions are met: 1) there are sufficient historical data for generating probability distribution functions and 2) variables of interest have well defined statistical patterns". Thus, in the case of our study, in an arid regime with rather few precipitation events per year, it seems that the first condition is hardly met, i.e. there are not enough values to allow for an accurate regression with the NCEP and the AOCGM data. Second, the occurrence within the calibration data set of a particularly strong El Niño event (1997) and a severe, La Niña-related, drought period (1994) (1995) (1996) are likely additional sources of variability. This is supported by the studies of Barnston et al. (1999) , Kim et al. (2000) and Wood et al. (2002) , which show the effect of the 1997 El Niño event, one of the strongest in the last century, on the performance of several climate and downscaling models.
Linear trend analysis
The magnitude of annual and seasonal linear trends for maximum, minimum temperature, DTR and precipitation is summarised in Table 5 for the investigated period . Trends are displayed for A2a and B2a scenarios for all investigated stations. Trends and indices for precipitation, maximum and minimum temperature are discussed in this section. at Rivadavia). At Rivadavia, the lower altitude station, this increase is mainly attributed to winter, whereas in the Andean station La Laguna, the trend is steadily supported throughout the year. Hence, the results suggest that the pattern of annual maximum temperature is associated with the pattern in winter and summer. This is in general agreement with observed historical trends in the region (Vincent et al., 2005) . In addition, the increase in maximum temperature is enhanced at higher elevations (0.45°C decade −1 for A2a scenario in La Laguna). This corroborates outcomes of other regional projections of climate change in the Andes (Boulanger et al., 2006; Bradley et al., 2006) .
Magnitude of maximum temperature trends
Magnitude of minimum temperature trends
In winter and summer, investigated stations show a significant positive trend for both scenarios. However, in autumn and spring, most trends are not significant, with an exception for the A2a scenario at La Laguna.
Annual trends are significant in all investigated stations and for the two scenarios (+0.09 to +0.27°C decade −1 at La Laguna and +0.07 to 0.15°C decade
at Rivadavia). However, the magnitude of the trend is lower than the one for maximum temperature.
Concerning maximum temperature, the seasonal behaviour shows that the annual pattern differs between two different elevations. The results suggest that minimum temperature is associated with winter and summer. Moreover, the results imply that, as for maximum temperature, the positive trend in minimum temperature increases with elevation (0.27°C decade −1 for the A2a scenario at La Laguna).
Magnitude of diurnal temperature range (DTR)
The results show that the DTR increases for all seasons for the A2a scenario. However, the picture is different for the B2a scenario. In addition, there is a noticeable difference between lower and higher elevations in both stations. At Rivadavia, there is no or only a very weak significant trend. Although these results are in general agreement with the strong warming in night time temperature observed in the region (Vincent et al., 2005 , Villarroel et al., 2006 , this trend is not confirmed at higher altitudes. However, the former studies mostly used stations located in the coastal region of Chile and do not provide a detailed insight into the variation of DTR with elevation.
Temperature index analysis
The seasonal and annual pattern described by the trend behaviour was further analysed through five climate indices (TXx, TNn, SU, FD, ID; cf. Fig. 3(a)-(h) ). In order to (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) for temperature and 10-year period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) for precipitation. Validation: 5-year period (1996) (1997) (1998) (1999) (2000) for temperature and 10-year period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) for precipitation. Conditional processes have been selected for precipitation. . Note: all statistical ensembles are included (and not only the ensemble mean) for the AOCGMs simulations. facilitate the interpretation of the simulated scenarios, the simulation period was separated into three 20-year sub-periods: 2000-2019, 2020-2039, and 2040-2059 . Figure 3 shows temperature indices for A2a and B2a scenarios at Rivadavia and La Laguna. Because they are not relevant for lower altitude stations (where no frost or ice days occur), FD and ID are only displayed for La Laguna. The TXx, TNn and SU (FD and ID) indices show an increase (decrease) between 2000 and 2059 in the investigated stations for both scenarios. The decrease in FD and ID is unsurprising, given the significant strong positive trends in maximum and minimum temperatures. However, the increase (decrease) of SU (ID) averages only a few days. This is in agreement with what Vincent et al. (2005) pointed out for South America: indices based on daily maximum temperatures (SU and ID) seldom return a significant trend. The seasonal trends of indices have noticeably different patterns between lower and higher elevation stations. Whereas the annual increase of extreme maximum temperature is only due to the increase of the index in summer, all seasons seem to influence the annual pattern at Rivadavia. In addition, at La Laguna, extreme maximum temperatures increase over the investigated periods more in autumn and winter as compared to summer and spring. The same picture is repeated with summer days (SU), with summer playing a dominant role in the annual pattern at higher elevations.
Fig. 2 (a)-(n) Frequency analysis for: (a)-(h) temperature, and (i)-(n) precipitation, in all investigated stations with A2a and B2a scenarios
These results provide important information concerning a possible shift of temperature patterns in the Cordillera. They also corroborate the observation of the strong warming expected in the region in maximum and minimum temperature (Boulanger et al., 2006; CONAMA, 2006) . In addition, the temperature is expected to increase more rapidly in higher elevation areas. The projected changes in temperature are likely to impact the hydrological cycle of the UpperElqui sub-basin, since changes in runoff are more sensitive to temperature compared to rainfall in mountainous areas, which is likely due to the major contribution of snowmelt in runoff (Singh et al., 2006) . Warming of days and nights in terms of both mean (Tmax, Tmin) and extreme values (TXn, TNn, SU) at lower altitudes will possibly increase evapotranspiration (ET), already very high under arid climates. The increase in temperature, besides creating a long-lasting water deficit, will influence rainfed and irrigated agriculture in the watershed.
Precipitation trends During winter, when most of the precipitation occurs, the results show an important significant negative trend (-3.5 mm to -4.2 mm (2.7-3.2%) per decade at La Laguna). This negative trend is significant for both scenarios, which show similar patterns but with different amplitudes, and is more pronounced at higher elevations (La Laguna and Juntas del Toro) than at lower elevations (Huanta). As percentages, the negative trend appears stronger at lower elevations. Since precipitation occurs almost exclusively in winter with a strong elevation gradient, this seasonal pattern is responsible for most of the annual decrease at all stations. Thus, the continuous negative trend already observed in Chile during most of the 20th century (see Minetti et al., 2003) will continue to grow to the end of this century. This is in agreement with seasonal and annual simulations based on other techniques in the region (CONAMA, 2006; Vera et al., 2006; Boulanger et al., 2007) . However, regional rainfall is highly dependent on others factors that are not covered in this study. For instance, the ocean surface temperature offshore of the Chilean coasts plays a decisive role in the precipitation events on the continent and is proven to be one of the main factors in the ENSO phenomenon (Haylock et al., 2006) . Moreover, discrepancies between scenarios suggest that the internal-variation of simulated data sets is high and results should be handled with caution.
Precipitation index analysis Index analysis was also performed for precipitation and CDDm and the R5D indices for all investigated stations are displayed in Fig. 4 . It shows the seasonal and annual evolution of the index through the three investigation periods. For all stations, the mean dry spell length is expected to increase by 2059 compared to the first simulation period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) . Low-and mid-altitude areas, such as Huanta and Juntas del Toro, might experience a higher rate than higher elevation zones. Autumn and winter contribute most to the annual increase of CDDm in all stations. In addition, the A2a and B2a scenarios display similar patterns over the three investigation periods. Parallel to the increase of the mean dry spell, the annual maximum 5-day precipitation index will decrease by 2059. However, this does not happen for the B2a scenario at Huanta, which can be explained by the high variance inherent to the model, especially in winter.
Winter is the main contributor to this decrease at all stations. However, at La Laguna, autumn also contributes to the decrease in extreme rainfall events. In brief, the results suggest that, next to the expected overall diminishing predicted amount of precipitation, an increase in intensity (R5D) and in dry spells (CDDm) during the rainy season is likely to occur in the region.
In conclusion, annual precipitation amounts are expected to decrease at all investigation stations in winter and at the annual time scale. Decreases at higher elevations in the Upper-Elqui sub-basin are of particular concern. Both A2a and B2a scenarios yield decreases in winter and at the annual time scale.
Nevertheless, the B2a scenario shows a larger rate with average losses of precipitation of 3.2% compared to a 2.7% decrease for the A2a scenario at La Laguna. Moreover, climate index analysis allowed identification of a general decrease in extreme events for the whole watershed. Although interpretations concerning precipitation are to be interpreted with caution, given some uncertainties in the source data and variance of simulated data sets, as addressed in the next section, a local increase in duration of the dry season was identified. In addition, although the increase of drought-period length shows a relatively low growth rate, the risks of water scarcity in the region are worrisome.
Uncertainties
As mentioned by Fowler & Wilby (2007) , too few studies consider "how results might enable stakeholders and managers to make more informed, robust decisions on adaptation". A better understanding of uncertainties inherent to climate downscaling studies will by no means depreciate the results presented here, but rather refine their interpretation and help in planning sound adaptive solutions. This section provides a brief overview of the main uncertainties related to this study. (1) Beyond data scarcity and quality, most sources of error emanate from the coupling of several models. Uncertainties linked with AOGCMs are added to those inherent to the downscaling techniques. According to Mearns et al. (2001) , there are considerable uncertainties in the radiative forcing changes, especially aerosol forcing, associated with changes in atmospheric concentrations. Furthermore, AOGCMs also show imperfections in replication of climate variability (McAvaney et al., 2001) , which plays a significant role in the region. The uncertainty related with AOGCM compliance with local climate could be limited by using two or more AOGCMs. Unfortunately, in this study we were forced to use only the HadCM3 AOGCM, given data availability constraints for the research area. (2) Besides the AOGCMs themselves, climate forcing SRES scenarios used in impact studies are subject to uncertainties. Although of equal probability of appearance, these scenarios represent a set of assumptions on international geopolitics, economic and population growth rate as well as technical development. (3) Concerning downscaling techniques, although it is a sound and efficient manner to solve the regionalisation problem of AOGCMs coarse resolution results, it still has, as all weather generators, difficulties in modelling low frequency variations (Giorgi et al., 2001 ). This problem is of first concern in an arid area where precipitation is very sparse. In addition, and because of the scarcity of precipitation, statistical downscaling was difficult and returned low calibration correlations. Another potential source of uncertainties is the fact that SDSM and statistical downscaling are generally based on the assumption that current conditions remain valid under climate change, which might not be always the case (Wilby & Dawson, 2007) . (4) The statistical downscaling approach in SDSM allows simulating different ensembles of series (e.g for future precipitation) of equal statistical significance. In this study, 20 ensembles were simulated and the trend analysis was based on the ensemble mean. Figure 5 displays the mean curve for all ensembles at La Laguna for A2a and B2a scenarios. The grey area represents the 5th and 95th percentiles of all ensembles for temperature and precipitation. The results suggest that the ensemble mean for precipitation is a weak indicator for the intensity of extreme events. The mean difference between percentiles amounts to 101 mm (99.6 mm) for the A2a (B2a) scenario. On the contrary, temperature mean difference between percentiles hardly reaches 0.31°C (0.27°C) for maximum (minimum) temperature. This gives a concrete picture of how carefully precipitation projections should be handled. In addition, as described during the frequency analysis, projected extreme events are expected to be underestimated by simulations. Therefore, while temperature projections carry a high level of confidence, both increases and decreases in precipitation should be taken into consideration by stakeholders, as recommended by Krol et al. (2003) . (5) Lastly, calibration statistics were rather low.
Except for maximum temperature, only part of the variance in the data set could be explained. Moreover, the influence of land-use, aquifer layers and permafrost behaviour was not taken into account in this study. Especially the issue concerning permafrost and the unclear relation between precipitation and streamflows patterns should be addressed in the region.
POTENTIAL IMPLICATIONS
As demonstrated in this study, in the arid UpperElqui sub-basin, simulated temperatures are expected to rise faster in high altitude areas with an increase of mean temperature ranging from 0.14 to 0.58°C decade −1 . Further, lower altitudes areas may expect an increase of up to 0.19°C decade −1 in maximum temperatures. Since changes in runoff are more sensitive to temperature shifts in mountainous areas (Singh et al., 2006) , these projected changes in temperature are likely to impact the hydrological cycle in the Upper-Elqui sub-basin. This increasing difference between lower and higher altitude temperature will increase the lapse rate, an important feature for snow accumulation and snowmelt, likely reducing snow accumulation in winter. However, this warming for both nights and days will certainly favour agriculture at higher elevations zones. Nevertheless, if the decrease of frost days, even if only limited, may represent a benefit for the sector, a shift of frost period toward the beginning of spring shall have serious consequences on tree growth and fruit yield. Concerning precipitation, both A2a and B2a SRES scenarios return a negative trend of approx. -28% in rainfall by 2059 (-4.7% decade −1 on average). Analysis of precipitation indices indicates strong inter-seasonal perturbations. A general decrease in extreme events for the whole watershed is expected. Although interpretations concerning precipitation are subject to caution given some uncertainties, a local increase of the dry season length was identified.
Hence, since rainfall occurs mainly in winter here, glacier and accumulated snow are the only major seasonal water reservoirs in the region. The significant increase of temperature in winter and summer will accelerate snowmelt in winter and, therefore, discharge in spring is likely to occur earlier and diminish over the long run. On the other hand, the seasonal and annual increase in temperature will strengthen the potential glacier retreat as in other parts of the Cordillera (Pouyaud et al., 2005) . Runoff will only temporarily increase and then diminish in the long term. During the winter, with the strong warming at higher elevations, snow-and glacier-free areas induce a larger seasonal runoff as demonstrated by Vuille et al. (2008) . However as remarked by Vuille et al. (2008) , change in seasonal patterns in precipitation and temperature will affect "runoff behaviour differently in the various catchments, depending on their percentage of glaciated area, catchment hypsometry, etc.".
CONCLUSIONS
This study explored the performance of a statistical downscaling model (SDSM) under arid mountainous conditions. Whereas maximum and minimum temperature for both linear trends and extreme events were accurately simulated, precipitation simulations returned weaker results. Although the use of the ensemble mean for rainfall, considered to be a smoothed data set, is suitable for trend analysis, the results here showed that SDSM was not a very robust method for simulating extreme events. This poor ability to simulate extreme rainfall events weakens the interpretation of extreme rainfall events indices and few conclusions could be drawn with respect to future occurrences of ENSO phenomena. However, the utilisation of ensemble sets for indices calculation as well as the development of SDSM predictor data sets from other AOGCMs will help addressing these issues and deepen the knowledge on the local future climate. Thus, the Upper-Elqui sub-basin will possibly see its streamflow strongly impacted with a resulting high variability on a seasonal and inter-annual basis. This confirms the high sensitivity of such arid mountainous watersheds and the complex processes at play. It underlines also the importance of flexible and adaptive measures to address hydrological problems in arid basins such as the UpperElqui sub-basin. Complex climatic patterns, which partially result from interactions of atmospheric flow with topography, combined with land-use and land-cover changes, make it difficult to identify common patterns of vulnerability to climate change in the region. However, agriculture plays an overwhelming role in the region's economy. Changes in temperature, precipitation and interannual variability in water availability will probably put agricultural systems under stress in the region. Combined with an export-driven economy, agriculture will likely have to face new challenges in the near future.
Despite all the sources of error and uncertainties, which must be taken into account when handling the predictions, this study addresses an issue that goes beyond local concerns and aims at developing a first insight in fragile environments such as the arid and semi-arid transition zone of north-central Chile.
